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Abstract
BACKGROUND: Anopheles stephensi is an important urban malaria vector in the Indian subcontinent. Extensive application of
insecticides evokesmicroevolution,which results in resistance that canbe tracedback to their genotypes. In this study, resistant
and susceptible strains of An. stephensi for alphamethrin were selected by selective inbreeding for 27 and ten generations
respectively. The biochemical basis of resistance in all the life stages was investigated. Quantitative assays were performed for
proteins (total and soluble), esterases (𝜶, 𝜷 and acetylcholine) and phosphatases (acid and alkaline) by spectrophotometry, and
qualitative assays for the enzymes by native polyacrylamide gel electrophoresis.
RESULTS: The enzyme quantities signiﬁcantly varied in all life stages of the resistant strain as compared with the susceptible
ones. Qualitative studies showed seven isoforms for 𝜶- and 𝜷-esterases, three each for acetylcholinesterase and alkaline
phosphatase and two for acid phosphatase. Exclusive bands were found in the resistant strain, such as 𝜶-Est 1 and 𝜷-Est 1 in
eggs and larvae, 𝜷-Est 3 in adult males, 𝜷-Est 2 in adult females and AlkP 1, AlkP 2 and AlkP 3 in adult females, larvae and adult
males respectively.
CONCLUSION: Variations in the quantity and speciﬁc enzyme isoforms play a key role in the development of alphamethrin
resistance in An. stephensi.
© 2015 Society of Chemical Industry
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1 INTRODUCTION
Malaria aﬀects approximately half the world’s population. In 2014,
97 countries and territories had ongoing malaria transmission.1
India has the highest burden of malaria in South-East Asia,
accounting for about 75% of the cases.2 Anopheles stephensi, the
primary urban vector, accounts for 15% of the total annual malaria
incidence in India.3 Malaria vector control is currently very much
dependent on a single class of insecticides, the pyrethroids,4 but
there has been a dramatic increase in pyrethroid resistance among
the vectors.5 Over 125 mosquito species have been documented
as having resistance to one or more insecticides,6 and more
than 50 of these are Anopheles species.7 Insecticide resistance
is expected directly and profoundly to aﬀect the re-emergence
of vector-borne diseases.8 The two major modes of resistance
in mosquitoes are target-site knockdown resistance (kdr), which
occurs when the insecticide no longer binds to its target, and
detoxiﬁcation-enzyme-based resistance, which occurs when
enhanced levels or modiﬁed activities of esterases, cytochrome
P450 oxidases or glutathione S-transferases (GSTs) prevent the
insecticide from reaching its target site.9
In all or the majority of instances of resistance, elevated levels
of esterases are involved. Esterase-mediated resistance has been
correlated with organophosphate and pyrethroid resistance.10,11
The molecular biology and biochemistry of mosquito esterases
in insecticide resistance have been reviewed extensively.12 The
majority of esterases function by rapid binding and slow turnover
of insecticide, which is elevated through gene ampliﬁcation.13,14
They also help in the identiﬁcation of resistant strains from nat-
ural populations.15 Acetylcholinesterase (AChE) is the major tar-
get for carbamates and organophosphates,16 while studies have
shown a correlation with pyrethroid resistance.17 AChE inhibition
by insecticides leads to paralysis and death. Point mutations ren-
derAChE insensitive to inhibition and sobecome resistant to insec-
ticides. The acetylcholinesterase (AChE) gene from An. stephensi
was found tobehomologous to theDrosophilaAChE gene.18 Insen-
sitiveAChE-mediated resistancedue tonon-synonymous substitu-
tions in the Ace1 gene has since been documented in a number of
insects, including An. gambiae and Culex pipiens.19,20
Phosphatases are capable of hydrolysis and transphospho-
rylation. They play an important role in the metabolism of
carbohydrates, phospholipids and nucleotides.21,22 Acid and alka-
line phosphatases have also been studied as enzymes signiﬁcant
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in resistance to insecticides.23 Acid phosphatase plays an impor-
tant role in the detoxiﬁcation of toxic compounds entering the
body, acts as an enzymatic defence against foreign compounds
and plays a signiﬁcant role in maintaining normal physiologi-
cal functions.24,25 Alkaline phosphatase can make insects more
resistant to insecticides, especially to Bt toxins, and may also
be the target enzymes for some insecticides.26 Soluble alkaline
phosphatase, AlkP in Nilaparvata lugens, was found to be more
responsive to chemical stimulus such as a hormone or insecti-
cide than membrane-bound AlkP, and might play a dual role in
development and insecticide tolerance.27 Alkaline phosphatase
(AlkP) transcript was found to be overexpressed in resistant An.
arabiensis from Pemba, Tanzania.28
Electrophoretic analysis of the protein products of enzyme
loci provides a new type and abundance of isozyme markers.29
Isoenzymes are considered to be useful gene markers for study-
ing the mechanism of insect development, diﬀerentiation.30
Enzyme markers would provide valuable information on spe-
ciation, intraspeciﬁc diﬀerences, insecticide resistance, vectoral
capabilities, etc.
The genetic basis and cytological basis of alphamethrin
resistance have been studied.31,32 The biochemical basis of
alphamethrin is presented in this study. The objectives were
to study both the quantitative and qualitative variations in
enzyme-based resistance mechanisms in diﬀerent life stages of
alphamethrin-resistant and alphamethrin-susceptible strains of
An. stephensi.
2 MATERIALS ANDMETHODS
2.1 Rearing of An. stephensi
An An stephensi strain of Goraguntepalya (GGP), South India, was
used in the present investigation. Colonies of adult mosquitoes
were maintained in cages in an insectory made of iron frames
covered with nylon mosquito net and fed with sucrose solution
(10%) soaked in sterilised cotton. Females were provided with
bloodmeal from restrainedmice uponmaturation. Plastic vials (3′′
diameter) containing clean water and lined with ﬁlter paper were
placed inside the cage for oviposition. The laid eggs were kept
for 72 h to ensure complete hatching. The hatched larvae were
reared inwhite enamelpans containingﬁltered tapwater andwere
fed regularly with powdered yeast tablets throughout the larval
period. To avoid scum formation, thewater in thepanwas changed
every day. Pupation began between 8–10 days after hatching. The
pupaewere transferred intowide-mouthed bottles, and emerging
adults were released into the cages. These stocks weremaintained
at a temperature of 25± 1 ∘C and a relative humidity of 75± 5%
with a 10 hphotoperiod throughout the course of investigations.33
2.2 Insecticide
Synthetic pyrethroids are highly active insecticides with
great potential for practical applications. Alphamethrin (=
𝛼-cypermethrin), under the auspices ofWHOPES, is recommended
for use in malaria prevention and control. Alphamethrin-treated
insects show restless behaviour and hyperexcitability, become
uncoordinated and are then paralysed; ﬂying insects are in general
rapidly knocked down (peripheral nervous intoxiﬁcation).
The insecticide alphamethrin (96.7% TC), a synthetic pyrethroid,
was obtained from Rallis India Limited, Mumbai, India. It is
a non-systemic insecticide with contact and stomach action,
and also acts as nerve poison. It is a racemic mixture of two
cis-isomers out of the four isomers of cypermethrin. This
insecticide is eﬀective against a range of pests in agricul-
ture, public health and animal husbandry. According to the
IUPAC nomenclature it is a racemic mixture of (S)-𝛼-cyano-3-
phenoxybenzyl-(1R,3R)-3-(2,2-dichlorovinyl)-2,2-dimethylcyclop
ropane-carboxylate and (R)-𝛼-cyano-3-phenoxybenzyl-(1S,3S)-3-
(2,2-dichlorovinyl)-2,2-dimethylcyclopropane-carboxylate, with
the molecular formula C22H19Cl2NO3.
2.3 Alphamethrin-resistant/susceptible strains of
An. stephensi
A diagnostic dose (twice the minimum concentration that gives
100% mortality) of 0.12 ppm was determined for the GGP
strain of An. stephensi according to the WHO procedure.34,35
To select the diagnostic dose, LC99 was initially calculated from
the larval bioassay using the regression line method,36 and
twice the value of LC99 was ﬁxed as the diagnostic dose.
35 An
alphamethrin-resistant strain (amr) was selected by exposing late
third-instar larvae to doses gradually increasing from subdiagnos-
tic to diagnostic, with selective inbreeding for 27 generations. An
alphamethrin-susceptible strain (ams) was selected by exposing
50% of the larvae obtained from the iso-females to the diag-
nostic dose of 0.12 ppm. Untreated larvae of the line showing
highest percentage mortality were selected for inbreeding, and
the selection procedure was repeated for ten generations. The
alphamethrin-susceptible strain was used as the control. The
resistance ratio of LC50 indicated that the alphamethrin-resistant
strain was 134.28-fold more resistant than the susceptible strain.
Comparative biochemical studies among the diﬀerent life stages
of alphamethrin-resistant and alphamethrin-susceptible strains
were carried out both quantitatively and qualitatively. Larvae,
pupae, freshly emergedmales and females and eggs were used to
prepare a known percentage homogenate using suitable buﬀers
for the following assays.
2.4 Quantitative analysis
Quantitative analysis was carried out using a UV/vis spectropho-
tometer (Jenway, Stone, UK). The enzyme reactions of the resistant
and susceptible samples were measured in terms of absorbance
(optical density) against a reagent blank. The reagent blank had all
the reagents used in the assay except the sample. This was used to
nullify the absorbance of all the other reagents. Simultaneously, a
range of standards for each enzyme were set up. The optical den-
sity readings were converted into quantity/enzyme activity using
the values of the standards. Each enzyme reaction was carried out
in triplicate.
2.4.1 Total (Tp) and soluble proteins (Sop)37
A 1% homogenate (10mgmL−1) was prepared in 0.02M phos-
phate buﬀer (pH 7.0). The total protein in 1mL of homogenatewas
precipitated by adding 3mL of 5% trichloroacetic acid (TCA) and
centrifuged at 3000 rpm for 15min at 4 ∘C. The supernatant was
discarded, and theprecipitatewas dissolved in 5mLof 0.1 NNaOH.
A quantity of 1mL of the sample was used to assay Tp. For soluble
proteins (Sop), 1%homogenatewasprepared in 0.02Mphosphate
buﬀer and centrifuged at 3000 rpm for 15min, and 0.2mL of the
samplewasused toassaySop. Toall the sampleswas added5mLof
alkaline copper reagent, after which they were kept at room tem-
perature for 20min. A quantity of 0.2mL of Folin’s phenol reagent
was added. The colour intensity was read at 660 nm against a
reagentblank. A range (10–100 μg) of bovine serumalbumin (BSA)
wileyonlinelibrary.com/journal/ps © 2015 Society of Chemical Industry Pest Manag Sci (2016)
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standardswere prepared alongside for comparison. Both total and
soluble proteins were expressed in μg protein mg−1 body weight.
2.4.2 General esterase (𝛼 and 𝛽) activity (GEA)38
A 1% homogenate was prepared in 0.02M phosphate buﬀer
(pH 7.0). The homogenate was centrifuged at 5000 rpm for 10min
at 4 ∘C. To 0.1mL of the supernatant were separately added 2.5mL
of 0.3mM𝛼-naphthyl acetateprepared inphosphatebuﬀer/2.5mL
of 0.3mM 𝛽-naphthyl acetate prepared in phosphate buﬀer, fol-
lowed by incubation for 30min at 37 ∘C. The reaction was stopped
by adding 0.5mL of Fast Blue RR stain. The colour intensity was
measured at 605 and 555 nm for 𝛼- and 𝛽-esterases respectively
against a reagent blank. 𝛼-Naphthol and 𝛽-naphthol standards
in the range 10–100 nmol were prepared alongside for compari-
son. Esterase activitywas expressed as nmol 𝛼-/𝛽-naphthyl acetate
hydrolysed μg−1 protein min−1.
2.4.3 Acetylcholinesterase (AChE) inhibition39
A 1% homogenate was prepared in 0.1M phosphate buﬀer
(pH 7.0). The homogenate was centrifuged at 5000 rpm for 10min
at 4 ∘C. A mixture of 0.1mL of 10mM dithiobisnitrobenzoic acid
(DTNB) containing 0.15% sodium bicarbonate (prepared in phos-
phate buﬀer), 2.7mL of phosphate buﬀer and 0.1mL of enzyme
(sample) was incubated at 37 ∘C for 10min. The contents were
transferred to the cuvette of a spectrophotometer, and a reaction
was initiated by adding 0.1mL of 10mM acetylthiocholine iodide
(prepared in phosphate buﬀer). The change in absorbance at
412 nm was recorded every minute for 10min. The instrument
was initially set to zero with a water blank. Activity was calculated
using the formula
Activity = ΔA × V
1.36 × 10−2
× 1
C × Y
where ΔA is the change in absorbance per minute, 1.36× 10−2 is
the extinction coeﬃcient for a nanomolar solution, V is the volume
in the cuvette, C is the concentration of the enzyme prepared
(mgmL−1) and Y is the volume of enzyme used.
AChE activity was expressed as nmol acetylthiocholine iodide
hydrolysed mg−1 protein min−1.
2.4.4 Acid phosphatase (AcP)40
A 1% homogenate was prepared in 0.12M sodium acetate buﬀer
(pH 4.5) containing 0.5% Triton-X-100. The homogenate was cen-
trifuged at 5000 rpm for 10min at 4 ∘C. To 0.2mL of the super-
natant was added 5mL of 1.44mM sodium-1-naphthyl phosphate
substrate prepared in sodium acetate buﬀer, followed by incu-
bation at 37 ∘C for 10min. The reaction was stopped by adding
1mL of freshly prepared Diazo Blue reagent. Colour intensity was
read at 600 nm against a reagent blank. 𝛼-Naphthol standards in
the range 50–500 nmol were prepared alongside for calculating
the acid phosphatase activity. The activity was expressed as nmol
𝛼-naphthol released μg−1 protein min−1.
2.4.5 Alkaline phosphate (AlkP)41
A 1% homogenate was prepared in 0.4M sodium bicarbonate
buﬀer (pH 10.0). The homogenate was centrifuged at 5000 rpm
for 10min at 4 ∘C. To 0.2mL of the supernatant was added 5ml
of 3.69mM sodium-1-naphthyl phosphate prepared in sodium
bicarbonate buﬀer, followed by incubation at 37 ∘C for 10min.
The reaction was stopped by adding 1mL of freshly prepared
Diazo Blue reagent. Colour intensity was read at 600 nm against
a reagent blank. 𝛼-Naphthol standards in the range 50–500 nmol
were prepared alongside for calculating alkaline phosphatase
activity which was expressed as nmol 𝛼-naphthol released μg−1
protein min−1.
2.5 Qualitative analysis
Native polyacrylamide gel electrophoresis (PAGE) was carried out
using a mini vertical slab electrophoresis unit. Two-layered 30%
acrylamide/bis-acrylamide gelwas used to study isozymes of 𝛼-, 𝛽-
and acetylcholine esterases and acid and alkaline phosphatases.
The separating gel was prepared using acrylamide/bis-acrylamide
solution (30%), Tris-citrate buﬀer (0.074M; pH 8.2), ammonium
persulphate (APS) 10% and tetramethylethylenediamine. The
stacking gel had the same composition, except the Tris-citrate
buﬀer was replaced by a Tris-chloride buﬀer (0.74M; pH 6.8).
Lithium borate (0.036M; pH 8.2) was used as the tank buﬀer.
Sample 20% homogenates were prepared in ice-cold sample
buﬀer (0.1M boric acid and distilled water in a ratio of 1:3, with
3% sucrose and bromophenol blue). The samples (all life stages
of resistant and susceptible strains) were homogenised in sample
buﬀer in an ice bath and centrifuged at 10 000 rpm for 15min at
4 ∘C, and 20 μL of the homogenised sample was loaded into each
well.42
The gels were run in refrigerated condition at 120 V/12mA
using a Desaga Desatronics 3000/200 power pack (Heidelberg,
Germany). The gels were stained for 𝛼-, 𝛽- and acetylcholine
esterases and acid and alkaline phosphatases until clear bands
appeared according to the procedures given below. Bands in each
gel were isoforms of the respective enzyme. After staining, the
gels were destained in destaining solution (methanol, acetic acid
and distilled water in a ratio of 7:1:12) until a clear background
appeared, and they were stored in 7% acetic acid (refrigerated
condition) for further analysis.
2.5.1 𝛼- and 𝛽-esterases42
The gels for 𝛼- and 𝛽-esterases were incubated in sodium phos-
phate buﬀer (0.2M) with 2mL of 𝛼- and 𝛽-napthyl acetates sepa-
rately for 15–30min. To the remaining solution of sodium phos-
phate buﬀer with 𝛼- and 𝛽-napthyl acetates was added 50mg of
Fast Blue RR, and the solution was stirred and ﬁltered. The incuba-
tion solution was discarded, and the ﬁltered solution was poured
over the gels. The gels were incubated at 37 ∘C until sharp bands
appeared.
2.5.2 Acetylcholinesterase (AChE)43
The gel was incubated in 0.1Mphosphate buﬀer (pH 7.5) at 4–5 ∘C
for 20–25min. A quantity of 8mL of 0.05M acetylthiocholine was
added, and the gel was reincubated at room temperature for
30min. A quantity of 4mL of 0.1M DTNB was added, and it was
kept at room temperature until clear yellow bands appeared. The
gel was immediately analysed.
2.5.3 Acid phosphatase (AcP)42
Gel was incubated in 0.5M borate solution (pH 5.0) for 20min. To
15mL of acetic acid was added 35mL of sodium acetate (0.33M),
and the ﬁnal volume was made up to 100mL with distilled water.
Quantities of 50mgof sodium-𝛼-naphthyl acid phosphate, 100mg
of polyvinylpyrrolidone (PVP) and 30mg of Fast Blue RR were
added. The solution was stirred, ﬁltered and poured over the gel
after discarding the incubating solution. The gel was stained for
3 h (until clear bands appeared) and destained.
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2.5.4 Alkaline phosphatase (AlkP)42
Gel was incubated in 2M Tris solution (pH 10.4) for 30min. To
50mL of tank (boric acid) buﬀer, ten drops of both MgCl2 and
MnCl2 were added, along with 50mg of sodium-𝛼-naphthyl acid
phosphate and 50mgof Fast Blue RR. The solutionwas stirredwell,
ﬁltered and poured onto the gel after discarding the incubating
solution. The gel was stained for 3 h (until clear bands appeared)
and destained.
The relative mobility (Rm) was calculated for each band of the
gel. The gel was placed on the base illuminator over a glass plate.
The position of the band was marked with the aid of a scale, and
Rmwas calculated using the following formula:
Rm =
distance travelled by band
distance travelled by dye
2.6 Statistical analysis
Data were analysed by a two-tailed paired t-test using Graph-
Pad Prism v.5 (GraphPad Software, Inc., La Jolla, CA) to analyse
the diﬀerences between corresponding life stages of resistant
and susceptible strains. In all analyses, the resistant groups were
compared with susceptible groups (control). One-way analysis
of variance (ANOVA) using SPSS v.15 (SPSS Inc., Chicago, IL) was
carried out to analyse the diﬀerences among all the life stages
of resistant and susceptible strains. Principal component analysis
(PCA) of alphamethrin resistance in diﬀerent life stages of An.
stephensi was analysed by RStudio.
3 RESULTS
Comparative biochemical (isozyme) studies for total proteins and
various enzymes were carried out in all the diﬀerent life stages of
alphamethrin-resistant (amr) and alphamethrin-susceptible (ams)
strains, both quantitatively and qualitatively. The quantitative lev-
els of total and soluble proteins, 𝛼- and 𝛽-esterases and acid and
alkaline phosphatases in the alphamethrin-resistant strain were
found to be higher than those in the corresponding susceptible
strain, while the levels of acetylcholinesterases were found to be
lower than in the susceptible strain (Figs 1A to G).
The total protein level (Fig. 1A) was highest in the larval
stage (mean± SD, 120.95± 0.59 μgmg−1 body weight), solu-
ble protein (Fig. 1B) in adult females (72.41± 0.43 μgmg−1 body
weight), 𝛼-esterase activity (Fig. 1C) in larvae (1328.10± 3.0 nmol
𝛼-naphthyl acetate hydrolysed μg−1 protein min−1), 𝛽-esterase
activity (Fig. 1D) in adult females (1211.11± 1.96 nmol 𝛽-naphthyl
acetate hydrolysed μg−1 protein min−1), acetylcholinesterase
(Fig. 1E) in adult females (21.23± 0.31 nmol acetylthio-
cholinesterase hydrolysed mg−1 protein min−1), acid phosphatase
(Fig. 1F) in adult males (26.12± 0.47 nmol 𝛼-naphthol released
μg−1 protein min−1) and alkaline phosphatase (Fig. 1G) in
adult females (323.99± 0.79 nmol 𝛼-naphthol released μg−1
protein min−1), while the lowest values were found in the
eggs (30.08± 0.35, 24.89± 0.35, 459.8± 2.26, 310.26± 2.56,
10.33± 0.15, 76.98± 2.53 and 68.89± 0.66) for the total and sol-
uble proteins and the above enzymes respectively among the
diﬀerent life stages of the resistant strain.
The percentage increases in total proteins among the life stages,
namely the eggs, larvae, pupae, adult males and adult females, of
the resistant strain were 16.38, 55.31, 37.52, 23.49 and 47.23 when
compared with the corresponding life stages of the susceptible
strain. Similarly, the percentage increases in soluble proteins were
21.43, 18.54, 17.70, 17.54 and 27.45, in 𝛼-esterases 33.14, 24.66,
17.63, 27.59 and 16.65, in 𝛽-esterases 25.61, 29.21, 31.11, 20.31 and
22.21, in acid phosphatases 28.82, 37.41, 20.76, 27.35 and 13.85
and in alkaline phosphatases 1.98, 19.84, 23.93, 8.49 and 35.05. The
increase was signiﬁcant at P< 0.005 in the case of the total and
soluble proteins and 𝛼- and 𝛽-esterases (Figs 1A toD). The increase
was signiﬁcant at P< 0.05 for acid and alkaline phosphatases (Figs
1F andG). The percentage decreases in acetylcholinesteraseswere
16.44, 21.51, 21.92, 19.85 and 15.34 in the respective life stages
of the resistant strain when compared with the corresponding life
stages of the susceptible strain, and the decrease was signiﬁcant
at P< 0.005 (Fig. 1E).
Among the life stages, there was a signiﬁcant increase in
the quantity of proteins (total and soluble), esterases (𝛼, 𝛽)
and phosphatases (acid and alkaline) and a decrease in acetyl-
cholinesterases at df= 4 and P< 0.0001. The increase in total
proteins was signiﬁcant in both resistant (F= 26637.7) and sus-
ceptible strains (F= 126.39.7), but the increase for susceptible
larvae in relation to susceptible adult females was not signiﬁcant
(P= 0.24). Similarly, the increase in soluble proteins was signiﬁ-
cant in resistant (F= 8276.2) and susceptible strains (F= 4832.8),
but the increase for susceptible larvae in relation to susceptible
pupae was not signiﬁcant (P= 0.31); the increase in 𝛼-esterases
was signiﬁcant in resistant (F= 45891.8) and susceptible strains
(F= 35202.1); the increase in acid phosphate was signiﬁcant
in resistant (F= 5496.7) and susceptible strains (F= 101107.6);
the increase in alkaline phosphate was signiﬁcant in resistant
(F= 38681.3) and susceptible strains (F= 2704.8); the increase in
𝛽-esterases was signiﬁcant in resistant (F= 64795.6) and suscep-
tible strains (F= 35583.5), but the diﬀerence between resistant
larvae and resistant adult males was not signiﬁcant (P= 0.39);
the increase in acetylcholinesterases was signiﬁcant in resistant
(F= 865.2) and susceptible strains (F= 757.3), but the diﬀerences
between resistant pupae and resistant adult males (P= 0.97) and
resistant females (P= 0.1) and between susceptible pupae and
susceptible adult females (P= 1.0) were not signiﬁcant.
Qualitative analysis showed variations in isoforms (bands on
the gel) of the enzymes studied in-between the susceptible and
resistant strains of alphamethrin. Some isoforms were speciﬁc to
the corresponding life stage of the resistant strain and were not
found in the susceptible strain. More importantly, the isoforms
diﬀered in diﬀerent life stages, while some forms were common to
both resistant and susceptible strains but their expression levels
varied.
𝛼-Esterases showed sevenmajor bands (isoforms). These include
𝛼-Est 1 (with Rf= 0.39), 𝛼-Est 2 (0.52), 𝛼-Est 3 (0.66), 𝛼-Est 4 (0.72),
𝛼-Est 5 (0.75), 𝛼-Est 6 (0.8) and 𝛼-Est 7 (0.86). The densitometric
proﬁle is shown in Fig. 2. Theeggs showedonly two isoforms (1 and
7). Isoform1waspresent only in the resistant strain. Larvae showed
all seven bands, but band 1 was present only in the resistant
strain. Pupae showed four bands (1, 2, 3 and 7), with no diﬀerences
between the strains. Similarly, there were ﬁve bands in adult males
(1, 2, 3, 6 and 7) and four bands in the adult females (1, 2, 3 and
7), with no diﬀerences between the two strains apart from band 6,
which was speciﬁc only to the males.
𝛽-Esterases also showed seven major bands (isoforms). These
include 𝛽-Est 1 (0.42), 𝛽-Est 2 (0.48), 𝛽-Est 3 (0.62), 𝛽-Est 4 (0.71), 𝛽-Est
5 (0.74), 𝛽-Est 6 (0.77) and 𝛽-Est 7 (0.86). The densitometric proﬁle
is shown in Fig. 3. The eggs showed only two isoforms (1 and 7).
Isoform 1 was present only in the resistant strain. Larvae showed
six bands, with band 3 absent, and band 1 was present only in the
resistant strain. Pupae showed three bands (1, 4 and 7), with no
wileyonlinelibrary.com/journal/ps © 2015 Society of Chemical Industry Pest Manag Sci (2016)
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Figure 1. Quantitative analysis of proteins, esterases and phosphatases in diﬀerent life stages of alphamethrin-resistant and alphamethrin-susceptible
strains of An. stephensi. Two-tailed paired t-test and one-way ANOVA with Bonferroni post hoc test results were reported as quantitative diﬀerences
between diﬀerent stages of resistant and susceptible strains (df= 2) and among diﬀerent life stages (df= 4) at P< 0.05. Means± standard deviation with
identical letters indicate non-signiﬁcance.
diﬀerencesbetween the strains. Adultmales showed four bands (1,
3, 4 and7),withband3present only in the resistant strain. Similarly,
there were four bands in adult females (1, 2, 4 and 7), with band 2
present only in the resistant strain. Between resistant males and
females, diﬀerentiation in the bands was observed, with band 3
present in the males and band 2 present in the females.
Acetylcholinesterases showed three major bands (isoforms).
These include AChE 1 (0.18), AChE 2 (0.25) and AChE 3 (0.37). The
densitometric proﬁle is shown in Fig. 4. The eggs showed two
bands (2 and 3), while all the other stages showed all three bands.
Qualitatively there was no diﬀerence in the number of bands, but
variation was observed in band intensity and width (expression).
Acid phosphatases showed two major bands (isoforms). These
include AcP 1 (0.05) and AcP 2 (0.2). The densitometric proﬁle is
shown in Fig. 5. All the life stages showed the two bands, with
no qualitative diﬀerences between the two strains. Alkaline phos-
phatases showed threemajor bands (isoforms). These include AlkP
1 (0.03), AlkP 2 (0.27) and AlkP 3 (0.68). The densitometric proﬁle
is shown in Fig. 6. The eggs showed two bands (2 and 3) in both
strains, but the expression in the resistant strainwas very high. The
larvae showed two bands (2 and 3), but band 2 was restricted to
the resistant strain. Pupae also showed two bands (2 and 3), with
Pest Manag Sci (2016) © 2015 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
www.soci.org TPN Hariprasad, NJ Shetty
Figure 2. Densitometry proﬁle of 𝛼-esterases in all the life stages of alphamethrin-resistant and alphamethrin-susceptible strains of An. stephensi.
no diﬀerences. Adult males also showed two bands (2 and 3), but
themild band 3was restricted to the resistant strain. Adult females
showed three bands (1, 2 and 3), but band 1 was present only in
the resistant strain. There were also diﬀerences between the sus-
ceptible males and females, with one and two bands respectively,
with the females showing high expression levels. Diﬀerences also
existed between resistant males and females, with two and three
bands respectively, and also in the expression, with the females
showing higher levels.
Principal component analysis (PCA) was conducted to conﬁrm
relationships among the life stages of alphamethrin-susceptible
and alphamethrin-resistant strains of An. stephensi. PCA showed
that the resistant life stages can be distinguished from the sus-
ceptible ones. Further, among the life stages, eggs form a distinct
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Figure 3. Densitometry proﬁle of 𝛽-esterases in all the life stages of alphamethrin-resistant and alphamethrin-susceptible strains of An. stephensi.
cluster, while the larvae form another cluster distinguishable from
the pupae and adults. Pupae, adult males and adult females are
more similar to eachother in both resistant and susceptible strains,
but the resistant and susceptible clusters are quite distinct. PC 1
explains 86.5% variance and PC 2 explains 10.3% variance (Fig. 7).
4 DISCUSSION AND CONCLUSION
Identifying insecticide resistance mechanisms is of paramount
importance for pest insect control, as the understanding that
underpins insect control strategies must provide ways of detect-
ing and managing resistance, and these studies rely heavily
on detailed biochemical and genetic analyses.44 In the present
study, quantitative and qualitative analyses of esterases (𝛼, 𝛽
and acetylcholine), phosphatases (acid and alkaline) and pro-
teins (total and soluble) were carried out. The quantity of pro-
teins, esterases (𝛼 and 𝛽) and phosphatases signiﬁcantly increased,
except for acetylcholine, which declined in all the life stages of
An. stephensi in the resistant strain compared with the suscepti-
ble strain. Selection pressure on natural vector populations would
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Figure4.Densitometryproﬁleof acetylcholinesterases in all the life stagesof alphamethrin-resistant andalphamethrin-susceptible strains ofAn. stephensi.
increase the amount of detoxifying enzymes that are respon-
sible for insecticide resistance.45 Signiﬁcantly elevated levels of
esterases in resistant strains have been reported in An. stephensi,
Culex quinquefasciatus and Aedes aegypti against permethrin and
deltamethrin,46 An. stephensi and An. culicifacies against perme-
thrin and deltamethrin,47 An. jamesii and An. barbirostris against
deltamethrin from India48 and An. gambiae against pyrethroids
from Africa.49–51 Increased esterase activity is a major mechanism
of insecticide resistance in many insect species.52 Ten zones for
non-speciﬁc esterases were observed in a laboratory strain of An.
stephensi, and three of them (Est 3, Est 4 and Est 5) were found to
be codominant.53 The resistant strain of Cx. pipiens showed active
esterase bands, which presumably hydrolyse the insecticides. Also,
there were life-stage-dependent bands: eggs had one band, and
the bands increased in the larval stages, while the anodal bands
decreased upon pupation.54
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Figure 5. Densitometry proﬁle of acid phosphatases in all the life stages of alphamethrin-resistant and alphamethrin-susceptible strains of An. stephensi.
The levels of acetylcholinesterase signiﬁcantly decreased in the
resistant strain in all the life stages compared with the suscep-
tible strain (control). Development of resistance may be due
to insensitivity of AChE towards the insecticides, and its activ-
ity in resistant populations decreases when compared with sus-
ceptible populations.23,55 A lower level of AChE activity may
reﬂect that the alterations giving reduced sensitivity to inhi-
bition have resulted in a catalytically less eﬃcient enzyme or
reduced amounts of the enzyme.56 Decreased AChE activity also
implies that a smaller proportion of AChE activity would need
to be inhibited to reach a critical threshold for disruption of
synaptic function.57 Acetylcholinesterases with decreased sensi-
tivity could be an important defence mechanism in a Brazilian
Boophilus microplus strain to develop cypermethrin resistance.
The possibility of AChEs compensating for the inhibitory eﬀect of
sodium channels was detected. Acetylcholinesterase terminates
nerve impulses by catalysing the hydrolysis of acetylcholine at the
synaptic junction, after which the nerve impulse is transmitted to
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Figure 6. Densitometry proﬁle of alkaline phosphatases in all the life stages of alphamethrin-resistant and alphamethrin-susceptible strains of
An. stephensi.
the axonium membrane, where it stimulates the opening of the
sodium channels.17 The evidence for AChE inhibition by type II
pyrethroids is not unequivocal and needs further investigation in
diﬀerent species and a broad range of pesticides.58 In the present
study, AChE activity was also found to be reduced, which could
have contributed to the development of alphamethrin resistance
in An. stephensi.
Acid and alkaline phosphatases increased signiﬁcantly in the
alphamethrin-resistant strain. Acid phosphatases have been stud-
ied in total homogenates of adult females of Ae. aegypti and Cx.
tarsalis.59,60 Alkaline phosphatases were identiﬁed as receptors
for Cry1Ac and Cry11Aa toxins. The presence of An. gambiae
alkaline phospahatse [AgALP1(t)] in the midgut of An. gambiae
larvae reduced the mortality from 78 to 8%.61 Cypermethrin- and
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Figure 7. Principal component analysis (PCA) of diﬀerent life stages of An. stephensi assessed for enzymes (esterases – 𝛼, 𝛽 and acetylcholine;
phosphatases – acid and alkaline) and also proteins (total and soluble) involved in alphamethrin resistance. SE: susceptible eggs; SL: susceptible larvae; SP:
susceptible pupae; SAM: susceptible adult males; SAF: susceptible adult females; RE: resistant eggs; RL: resistant larvae; RP: resistant pupae; RAM: resistant
adult males; RAF: resistant adult females.
fenvalerate-resistant populations of Helicoverpa armigera and
four diazinon-resistant populations of Chilo suppressalis showed
higher acid and alkaline phosphatase activity than susceptible
populations.62,63 Sex-speciﬁc diﬀerences showed a higher level of
alkaline phosphatases in females than in males of An. stephensi.64
In the present study too, the females had a higher quantity of alka-
line phosphatases in the susceptible strain, but the males had a
higher quantity in the resistant strain. Three alkaline phosphatase
isozymes and a single band for acid phosphatase were observed
in An. stepehensi, while seven alkaline phosphatase bands and
four acid phosphatase bands were found in Ae. aegypti.65,66 In
the present study, three bands for alkaline phosphatase and two
bands for acid phosphatase were observed.
The glutathione S-transferase levels were also quantiﬁed for
this same alphamethrin-resistant strain, and a signiﬁcant increase
compared with the susceptible strain was shown in all life stages
except for the eggs.67
Alphamethrin resistance in the An. stephensi selected is due to
the role of esterases and also phosphatases. The quantity and
speciﬁc isozymes in diﬀerent life stages of An. stephensi can be
used as biochemical markers to detect alphamethrin resistance
in ﬁeld populations. Understanding the resistance levels can help
us to make appropriate decisions when implementing control
measures regarding insecticide application.
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